Background
Introduction
Prostate cancer (PCa) is the most common non-cutaneous malignancy in men and the second most common cause of cancer mortality. [1] With the advent of widespread prostate specific antigen (PSA) screening beginning in the early 1990s, there has been a significant stage migration at the time of diagnosis such that the majority of men are diagnosed with PCa at an earlier time point in the disease process. [2] Whether or not PSA screening has made a significant impact on cancer specific and overall mortality is a matter of debate, but it is well established that men can expect long-term cancer specific survival after treatment for localized disease. [3, 4] A large percentage of men newly diagnosed with PCa have low risk disease, and may never become symptomatic or experience metastatic disease prior to death from other causes. In fact, recent data suggest that men with low grade disease (Gleason 6) will rarely experience metastatic disease. [5] Nevertheless, approximately one-third of men present with, or are at increased risk for, advanced disease and aggressive pathological features which places them at risk for biochemical recurrence and PCa mortality. The ability to differentiate those men who are at risk for aggressive disease from those who will have an indolent course remains elusive. The use of molecular markers or gene expression in serum or tissue is likely to be critical in this determination.
One specific area of interest in differentiating indolent from aggressive PCa is the role of fat intake and levels of fatty acids (FAs). Americans consume more processed plant fats and oils as compared to animal fats, and epidemiological studies indicate that this high-fat diet likely plays a role in increased risk of certain cancers. Specifically, consumption of ω-6 polyunsaturated FAs (PUFAs) correlates with increased risk for malignancy, whereas consumption of ω-3 FA, such as those found in fish oils, correlates with decreased risk of hepatocellular, colorectal and breast cancer. [6, 7, 8, 9, 10, 11] In terms of PCa risk, epidemiological studies utilizing the Health Professionals Follow-Up Study and the Physicians' Health Study indicated that increased intake of components of ω-6 FAs may be associated with more aggressive PCa, whereas greater consumption of ω-3 FAs may improve PCa survival. [12, 13] Endogenous concentrations of ω-3 and ω-6 PUFAs directly reflect consumption since humans cannot synthesize these PUFAs de novo. Furthermore, while all mammalian cells can interconvert the PUFAs within each of the omega series, the two series are not interchangeable. Ideally, the ratio of ω-3 to ω-6 should be 1-4:1 [14] , but many Americans ingest 10 to 20 times more ω-6 than ω-3 FAs [15] , leading to an imbalanced ratio [16, 17] , that potentially contributes to increased cancer incidence. Thus, PUFAs represent a promising target for disease impediment.
The distribution of FAs in red blood cell (RBC) membranes has been validated as an accurate estimate of the FAs in the diet. While there is a fair amount of in vitro and epidemiological data suggesting an association with imbalanced FAs, there are few data showing a direct correlation of FA levels and PCa severity. To address this deficit in knowledge, we measured ω-6 additional role in the study design, data collection, and analysis, decision to publish, or preparation of the manuscript. The specific roles of all authors are included in the "Author Contributions" Section.
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and ω-3 from RBC membranes of men undergoing radical prostatectomy for PCa to determine the association of FA levels and PCa aggressiveness. We hypothesized that elevated ω-6: ω-3 and/or higher levels of individual FA components are associated with higher grade (Gleason !4+3) disease.
Materials and Methods

Population
After obtaining Institutional Review Board (IRB) approval, men from a single institution (Medical College of Georgia Health Center) undergoing radical prostatectomy from December 2012 to July 2014 were recruited for participation in the study. Inclusion criteria included age greater than 35 years, appropriate surgical candidates with Gleason sum !6, clinical !T1c, and PSA !4ng/ml, and no prior history of malignancy except for adequately treated basal or squamous cell carcinomas of the skin or carcinoma "in situ" of the breast. None of the patients were taking 5-alpha reductase inhibitors. A total of 78 men underwent radical prostatectomy during the time period, of which 71 men met the inclusion criteria and provided serum samples. One sample was mailed incorrectly and one sample did not have ω-6 and ω-3 values reported, yielding a final study cohort of 69 samples. Levels of ω-6 (linoleic acid (LA), arachidonic acid (AA), and dihomo-γ-linolenic acid (DGLA)) and ω-3 (docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)) FAs were extracted from membranes of RBCs obtained from fasting blood draws performed at the preoperative visit within one month of surgery. Demographic and clinical information collected from patients included age, selfreported race, body mass index (BMI), Charlson comorbidity index score (CCI), PSA, lowdensity lipoprotein (LDL), and biopsy results. Clinical and pathologic T(umor) classification was categorized according to the American Joint Committee on Cancer 7 th edition.
Fatty Acid Extraction and Serum Measurements
FAs were extracted from washed erythrocyte membranes in the following manner. Whole blood was centrifuged at 2500 rpm for 20 minutes. The serum, buffy coat (containing white blood cells), and RBC layers were separated and labeled appropriately in tubes. An equal amount (about 1 ml) of chloroform, methanol and water in a 1:2:0.8 ratio was added to the RBC containing tube. Then, 100 μL of the RBC mixture was mixed with methanol and water to make a total of 3 mL of 15% methanol solution. Internal standards (PGE 2 -d 4 and AA-d 8 ) were added. The mixture was vortexed for 1 min, then set on ice for 30 min. After centrifuging for 15 min at 3000 rpm, the supernatant was collected and adjusted to pH 3.0. Then the sample solution was loaded on C-18 SPE cartridge column (preconditioned with 2 mL methanol and 2 mL water), washed with 1 mL water, and eluted with 2 mL ethyl acetate. The elution was condensed to dryness and reconstituted with 100 μL ethanol for LC/MS analysis. High performance liquid chromatography selected reaction monitoring-mass spectrometry (LC SRM-MS) was performed for analysis and quantitation of the individual FAs using a triple quadrupole MS (TSQ ULTRA, Thermo Fisher Scientific, Waltham, MA, USA) equipped with an ultrapressure high performance liquid chromatographer (HPLC) (Accella, Thermo Fisher Scientific, Waltham, MA, USA). The LC/MS system consisted of an Agilent 1200 series HPLC system and an Agilent 6300 LC/MSD SL ion trap mass system. Separation was performed on a ZORBAX Eclipse XDB-C18 column (Agilent, 3.5 μm, 75 × 4.6 mm) at 25˚C. Mobile Phase: A: 0.01% HOAc-H 2 O, B: 0.01% HOAc-ACN; Gradient: (i) 0-12 min (isocratic), 68% A and 32% B; (ii) 12-14 min, 68 to 44% A and 32 to 56% B; (iii) 14-28 min (isocratic), 44% A and 56% B; (iv) 28-30 min, 44 to 14% A and 56 to 86% B; (v) 30-38 min, 14 to 5% A and 86 to 95% B; and (vi) 38-44 min (isocratic), 5% A and 95% B. Flow Rate: 0.8 mL/min; Injection: 5 μL; Electrospray ionization in negative mode; Full scan from m/z 50 to m/z 500; Nebulizer Pressure: 15.0 psi; Dry Gas: 5.0 L/min; Dry Temperature: 325˚C; Compound Stability: 20%; Number of scans: 50. The concentrations of PUFAs and PGs were quantified by comparing the ratios of the peak areas of the PUFAs and PGs to the internal standards. Individual FA analytes were quantified by SRM-MS, monitoring specific ion transitions, and normalized by reference to known isotope labeled standards that were used to spike samples prior to analysis (NuCheck Prep, Elysian, MN). The final results were normalized against the protein content of the original cellular extract to correct for variations in the amount of starting samples. LA (18:2, ω-6); GLA, γ-linoleic acid (18:3, ω-6); DGLA (20:3, ω-6); AA (20:4, ω-6); docosapentaenoic acid (22:5, ω-6); ALA, α-linoleic acid (18:3, ω-3); SDA, stearidonic acid (18:4, ω-3); EPA, eicosapentaenoic acid (20:5, ω-3); tetracosahexaenoic acid (24:6, ω-3); DPA, docosapentaenoic acid (22:5, ω-3), and DHA (22:6, ω-3) were analyzed and quantitated from the prostate tissues in the same manner as those from RBC membranes. [18] The ω-6:ω-3 FA ratio was reported as ω- 
Statistical Analysis
Patients' demographic characteristics, clinical information, and biomarker values were summarized by pathological Gleason grade (Low: Gleason 3+4 = 7 vs. High: Gleason !4+3 = 7) using median and interquartile range (IQR) for continues variables, or frequency with percentage for categorical variables. Differences between the two pathological Gleason groups were compared using the Wilcoxon rank sum test for continuous variables, or the χ 2 test for categorical variables. We first assessed the correlations between ω-6 and ω-3, and among their components using Spearmen's method. Given the fact that these components were highly correlated, we next assessed the associations between the ω-6: ω-3 ratio, ω-6, ω-3, and each individual FA component with pathological Gleason grade separately using multivariable logistic regression models. To prevent overfit of the model, patients' age at biopsy and preoperative D'Amico classification were adjusted in all these models. All FAs were analyzed as continuous variables in all models. Odds ratios (OR) and 95% confidence intervals (95% CI) were estimated and reported. For all analyses, statistical significance was considered at a two-sided 5% level. No multiple comparisons adjustments were attempted. All analyses were conducted using R version 3.2.2.
Results
Patient clinical and demographic information are summarized in Table 1 The ratio of ω-6 to ω-3 (ω-6:ω-3) FA was not found to be significantly different between the low grade and high grade groups (p = 0.19). However, median levels of ω-6 FAs overall, and the individual components of ω-6, were significantly lower in the low vs high grade patients (ω-6: 16. We performed Spearman correlation analysis of the FAs to examine the feasibility of looking at them separately vs as a group. ω-6 and ω-3 are highly correlated (Spearman ρ = 0.77, p <0.001). The individual ω-6 and ω-3 FA components were also highly correlated (summarized in Table 2 , all pairwise comparisons p<0.001).
We performed logistic regression analysis to estimate the ORs of having high grade disease (Gleason !4+3) on pathological specimen comparing the upper (75%) quartile to the lower (25%) quartile of FA components, adjusting for age and D'Amico classification (Table 3) . ω-6:ω-3 was not found to be associated with high grade disease (OR 0.93, p = 0.78); however, total ω-6 was significantly associated with higher odds of high grade disease (OR 3.37, 95% CI: 
Discussion
In this study, we sought to explore the potential association of FA with PCa among men undergoing radical prostatectomy through examining RBC membrane FA concentrations. Specifically, we sought to examine the association of ω-6:ω-3, as well as the individual components of ω-6 and ω-3 FAs with Gleason sum, as these are shown in animal studies to be associated with increased and decreased risk for PCa, respectively. [19, 20] We demonstrate that elevated ω-6 and ω-3 FAs are significantly associated with high grade PCa, except for the ω-3 FA EPA. Additionally, we found that the individual FAs are highly correlated, likely explaining the non-significant association of ω-6:ω-3 in this cohort of patients. This is one of the first studies showing an association of both ω-6 and ω-3 FAs with PCa aggressiveness not based on epidemiological studies or in vitro/in vivo models, and suggests that FA concentrations may have an effect on PCa grade. In vitro and animal studies suggest that the metabolites of PUFAs directly impact PCa and that the ability to do so depends on both diet and metabolic enzyme expression. [21, 22, 23, 24, 25, 26, 27, 28, 29, 30] There is elevated expression of 15-lipoxygenase-1 (15-LO-1) in prostate tumor tissue as compared with normal adjacent tissue. [29] Human 15-LO-1 is a highly-regulated, tissue-and cell-type specific lipid-peroxidating enzyme that has several [31, 32] ; and EPA competes successfully with AA for COX-2 activity. In vitro studies have indeed shown that inhibition of 15-LO-1 enzyme activity causes apoptosis in the PCa cell line PC3. [28, 29] Dietary manipulation in mice has confirmed that an ω-3 diet modulated PSA levels, promoted apoptosis and inhibited proliferation in tumors in a xenograft mouse model. [18] This study in the mouse model confirmed the earlier findings that: 1) EPA successfully competes with LA as a substrate for 15-LO-1, resulting in a decrease in pro-tumorigenic 13(S)HODE and an increase in the anti-tumorigenic 15-HEPE; and 2) EPA competes successfully with AA for COX-2 activity, suggesting that there may be a causal link between dietary FAs and PCa. Most of the attention in the scientific and lay press regarding the benefits and risks of PCa screening in men centers on the necessity of diagnosis or treatment for potentially indolent disease. However, data indicate that certain populations of men at intermediate or high risk may derive benefit from treatment of PCa. [33] Because PSA and DRE are not highly sensitive tests, there is no threshold below which men will not be diagnosed with PCa, and there is currently no test that can accurately predict whether men with low risk disease (i.e.-Gleason 3 +3 = 6, cT1c or cT2a, and PSA <10ng/ml) will continue on an indolent course or progress to more aggressive disease. Therefore, a safe and easily reproducible test that can identify those at risk for aggressive disease will obviate concerns of harms from screening and treatment, and men can be managed in a more standardized and appropriate manner. Additionally, if a strong association exists between membrane FA levels and PCa grade or stage, dietary manipulation of ω-3 FA may serve as a way of reducing the incidence of, or slowing the progression of cancer in men.
There are some limitations to consider for this study. As this was an exploratory study, our patient cohort is small, and therefore results may not be generalizable until a larger, confirmatory study can be performed. This is one potential explanation why there was no significant association of ω-6:ω-3 and pathological Gleason grade. With a sample size of 69, our study has 80% power to detect an OR of 2 or greater (or 0.5 or smaller) for every 1 standard deviation increase in FAs while maintains the type I error rate at 0.05. The minimum ω-6:ω-3 ratio of 4.3 was still well above the previously defined normal ratio (~1). Therefore, a greater range of ω-6: ω-3 ratios, in addition to inclusion of men with benign and locally aggressive/metastatic disease, may add generalizability to the findings presented here. Second, the current data is based solely on pathological data. Long term follow-up to determine the potential association of FA concentrations with biochemical recurrence or development of metastatic disease will be focus of future investigation. An example of this is demonstrated in recent data from the SEARCH database suggesting an association between elevated serum triglycerides and PCa recurrence after radical prostatectomy [34] . Third, as discussed in a recent study by Yang et. al, the timing of blood samples collection may play a role of associations between the FAs and prostate cancer. [35] All our study samples were collected within 1 month of the radical prostatectomy, thus there was no strong evidence that the observed associations lead to a causation. Overall, our preliminary data suggest a potential association that merits further exploration on a larger scale, ideally a randomized controlled trial. The ability of FA concentrations compared to PSA and/or other methods of detecting clinically significant cancer should be examined.
